Objectives To examine the long term effects of low birth weight on academic achievements in twins and singletons and to determine whether the academic achievement of twins in early adulthood is inferior to that of singletons. Design Cohort study. Setting Taiwanese nationwide register of academic outcome. Participants A cohort of 218 972 singletons and 1687 twins born in Taiwan, 1983-5. Main outcome measure College attendance and test scores in the college joint entrance examinations. Results After adjustment for birth weight, gestational age, birth order, and sex and the sociodemographic characteristics of the parents, twins were found to have significantly lower mean test scores than singletons in Chinese, mathematics, and natural science, as well as a 2.2% lower probability of attending college. Low birthweight twins had an 8.5% lower probability of college attendance than normal weight twins, while low birthweight singletons had only a 3.2% lower probability. The negative effects of low birth weight on the test scores in English and mathematics were substantially greater for twins than for singletons. The twin pair analysis showed that the association between birth weight and academic achievement scores, which existed for opposite sex twin pairs, was not discernible for same sex twin pairs, indicating that birth weight might partly reflect other underlying genetic variations. Conclusions These data support the proposition that twins perform less well academically than singletons. Low birth weight has a negative association with subsequent academic achievement in early adulthood, with the effect being stronger for twins than for singletons. The association between birth weight and academic performance might be partly attributable to genetic factors.
INTRODUCTION
The cognitive disadvantage for twins during childhood has been well documented. Most of the earlier studies, which used cohorts from the 1950s and 1960s, found that cognitive ability (as measured by verbal reasoning scores and test scores in word knowledge, reading, and numeracy) was lower among twins than singletons. [1] [2] [3] [4] Although cohort analyses of the entire samples in these studies did provide relatively consistent evidence, conflicting results were nevertheless reported in family based studies.
A study carried out in the Netherlands with 260 adult twins and their 98 singleton siblings reported little difference in intelligence between the samples. 5 In contrast, a large sample study of primary students born in Scotland in 1950-6 found that, at the ages of 7 and 9, twins had substantially lower IQ scores than their singleton siblings, even after adjustment for potential confounding factors within the families. 6 A more recent study, which used nationwide registers of ninth grade (aged 15-16) children born in Denmark in 1986-8, concluded that the academic performance of twins and singletons was quite similar. 7 Cognitive functioning and intellectual performance are developed through a mixture of genetic and environmental effects. 8 9 The tendency towards lower intelligence among twins might be attributable to both the suboptimal intrauterine environment and the subsequent family environment. 5 6 10 A shared fetal environment might lead to impairment in brain growth, thereby giving rise to adverse effects on cognitive development. Furthermore, compared with singletons, twins might experience greater limitations on resources, as well as heightened competition, within the family environment in which they are brought up. The influence of genetic factors in determining childhood IQ levels has also been examined by using data on pairs of twins, with a study of 170 same sex twin pairs reporting that the association between birth weight and IQ could be attributable to underlying genetic factors. 11 We used the Taiwanese nationwide registers of academic outcomes, which is based on the results of the college joint entrance examination, to compare performance levels between twins and singletons. We undertook separate analyses of the effects of low birth weight on long term academic outcomes for twins and singletons and the effects on twin pairs.
METHODS

Data
We linked the Taiwanese nationwide academic outcomes in the college joint entrance examinations for 2002-3 to national birth certificate record data for 1983-5. We used the outcomes of the examination to measure academic achievement in early adulthood because we did not have data on IQ scores. The examination, which is generally considered to be the main channel for the entry of Taiwanese students into universities and colleges, also represents a pivotal point in determining an individual's future educational attainment. National universities in Taiwan are regarded as being more prestigious than private universities, although the tuition fees are lower.
In accordance with the education system in Taiwan, the college joint examinations are taken at 18 Comprehensive details on sex, gestational age, birth weight, birth order, birth place, and multiple birth status are contained within the birth certificate files, along with details on the age, years of education, and working status of the parents at the time of the birth. The college joint entrance examination files contain information on whether the student was enrolled in a college and the test scores obtained (on a scale of 0-15) in the five major subjects (Chinese, English, mathematics, natural science, and social science). The overall test score was measured as the sum of the five subjects.
We used the unique personal identifier to merge the college joint entrance examination files with the birth certificate files and restricted our sample to those born from September 1983 to August 1985. After excluding those with missing data on parental characteristics, we were left with 220 659 observations for our analysis, comprising 1687 twins and 218 972 singletons.
Statistical methods
We used the univariate comparison method to compare academic performance of twins and singletons. To account for potential confounding factors, we then used logistic regression analysis to determine the probability of college attendance (dichotomous outcome) and multiple linear regression analysis for the test scores (continuous outcomes), with adjustment for sex, gestational age, birth weight, and birth order and socioeconomic characteristics of the parents. We examined the impact of low birth weight on long term academic outcomes by estimating the regressions separately for twins and singletons. Finally, focusing on the twin pair sample, we used the twin fixed effect approach to examine the effect of birth weight on academic achievement to provide further control of unobserved parental and environmental factors across families.
Potential confounders in the comparison of academic outcomes between twins and singletons included low birth weight, gestational age, birth order, and sex and the parents' socioeconomic status. Low birth weight is a recognised and well documented predictor of childhood cognition and educational attainment. 6 12-14 Another important confounder is gestational age, which enables us to distinguish between low birth weight caused by preterm delivery and that resulting from intrauterine growth restriction. 13 While the preferences of the parents between sons or daughters might affect parental investment in the children, 14 children born later were generally found to have poorer educational outcomes than those born earlier. 14 15 The socioeconomic environment in which a child is reared will also affect the child's developmental and educational attainment-for example, highly educated parents might invest more in the development and education of their children than parents with lower levels of education, while parental education itself can also reflect effects of unobserved genetic factors on the academic performance of their children. Families in which parents are better educated or employed within the public sector, or both, might also be less financially constrained than those with lower education levels or those employed within the private sector. 14 15 RESULTS Table 1 shows the summary statistics on the characteristics of the twins and the singletons. The average birth weight of twins (2570 g) was substantially lower than that of the singletons (3287 g). Over 40% of the twin births were classified as low birth weight (<2500 g) compared with only 3% of singletons. The gestational period tended to be shorter for twins (38. 1 weeks) than singletons (39.7 weeks), while birth order was higher for twins (1.9) than singletons (1.8). On average, parents of twins were older at the time of birth than parents of singletons (mothers 27.6 v 26.8 years; fathers 30.7 v 29.8 years) and had more years of education (mothers 10.9 v 10.4 years; fathers 11.9 v 11. 4 years).
After adjustment for sex, gestational age, birth weight, and birth order and the age, education, and working status of the parents at the time of the birth, logit estimates indicated that twins had a 2.2% lower probability of college attendance than singletons (table 2) . Table 3 shows the adjusted mean difference in test scores between twins and singletons. Twins had significantly lower mean scores in Chinese, mathematics, and natural science, although there was little difference in the mean scores for English and social science. The overall test score was significantly lower for twins than for singletons.
When we carried out separate regression estimations for twins and singletons, we found that low birth weight was an important predictor of long term academic performance. Low birthweight twins had an 8.5% lower probability of college attendance than their normal birth weight counterparts, while low birthweight singletons had only a 3.2% lower probability of college attendance.
Within the sample of twins, those with low birth weight had significantly lower test scores in English and *Ratio of probability of attending college to probability of not attending college. †Partial derivative of probability function with respect to each covariate.
mathematics than twins with normal birth weight; the estimated coefficients indicating that low birth weight was responsible for a substantial reduction, of 0.48, in the scores for these two subjects. There was little association between low birth weight and the scores for Chinese, social science, and natural science. Within the sample of singletons, there was a significant and negative association between low birth weight and the test scores for all subjects. The effects of low birth weight on the singletons tended to be smaller than those for the twins.
To identify whether there is any association between birth weight and levels of academic performance within twin pairs we used the twin fixed effect approach 16 17 to regress the differences within twins in birth weight on the differences within twins in the test scores. This enabled us to account for unobserved heterogeneity across families.
The twin pair analysis included 377 pairs of twins, of which 316 were same sex pairs. The reduced sample size reflects the possibility that twins within the same family might not have taken the college entrance examinations together in the same year-for example, if one of the twins was too handicapped to take the examination. Given that we were unable to distinguish between dizygotic twins and monozygotic twins, by separating the sample into opposite sex twins (which are clearly not monozygotic) and same sex twins (which account for most monozygotic twins) we were able to investigate whether the effect of birth weight might partly reflect genetic differences between the twins.
For the whole sample of twin pairs, twins with higher birth weight performed better in mathematics: with an increase of 100 g in birth weight, there was a corresponding increase of 0.09 in the score for mathematics. Nevertheless, after reclassifying the twin sample into same sex and opposite sex twin pairs, we found that although birth weight in opposite sex pairs did have a significant effect on the scores for English and mathematics, the same effect was not discernible for same sex pairs.
DISCUSSION
Twins seem to be at long term educational disadvantage. In this large study in Taiwan, we merged the college joint entrance examinations files and birth record files and found that twins had lower academic achievement than singletons. Even after we controlled for potential confounding factors, the test scores in Chinese, mathematics, and natural science and the likelihood of college attendance were all significantly lower for twins than for singletons. This implies that twins are more likely to have lower educational attainment than singletons, which might ultimately limit their future earnings potential. 18 19 Our results agree with several previous studies in which the performance of young twins was found to be inferior to that of singletons.
1-4 Nevertheless, the results differ from those of a recent Danish study in which it was indicated that both twins and singletons showed similar academic performance during adolescence. 7 The difference in academic outcomes between twins and singletons might be attributable to the impaired fetal growth of twins and greater limitations on resources for those families within which twins are reared. 5 6 8-10 Our results indicate that the effect of low birth weight on academic performance persists into early adulthood. Low birth weight might be responsible for some impairment in brain development, and could result in lower intellectual performance. 9 20-23 Given that the incidence of low birth weight is substantially higher among twins and that the negative effect of low birth weight on academic performance is greater for twins than for singletons, we reaffirm the view that low fetal growth might well result in a long term educational disadvantage for twins. 8 9 The results of our twin pair analysis are in line with the findings of an earlier study undertaken in the Netherlands on 170 same sex twin pairs; in their examination of differences within pairs of twins in birth weight and IQ at ages 7 and 10, they found a positive association only for dizygotic twin pairs and not for monozygotic twin pairs. 11 We cannot exclude the possibility that the positive effect of birth weight, which was discernible in our opposite sex twin pairs, might be related to sex effects-for example, boys usually have higher birth weight than girls, and males quite often have higher scores than females in mathematics.
Strengths and limitations
Our study had several factors that strengthened the importance of our conclusions. Firstly, the large sample size and high quality of our national datasets permit powerful comparisons between the academic performance of twins and singletons. Secondly, with our sample of births from the 1980s, we provide initial evidence from a more recent cohort in an Asian country. Finally, to determine the effect of birth weight on long term academic achievement, we use not only a multivariate regression approach to the whole cohort analysis but also a twin fixed effect approach to our twin pair analysis. The limitations of our data, however, are the possibility of selection bias arising as those who did not take the college joint entrance examinations would be excluded from our analysis; the absence of information on several potential confounding factors, such as admission to hospital or morbidity of a child during its early neonatal stage, whether the child was born after assisted conception, the quality of care during early childhood, the size of the family, and the peer group effect on academic achievement; and our inability to distinguish dizygotic twins from monozygotic twins in the same sex twin pairs. Also, although 2172 subjects had missing data on parental characteristics, the descriptive statistics of the birth characteristics for twins and singletons among these subjects were generally similar to those for our whole cohort analysis. Thus, we think this is unlikely to cause any serious bias to our basic estimates.
Although the validity of twin pair analysis has been criticised on the grounds of the lack of generalisability, it does provide a powerful means of controlling for fixed parental and familial characteristics, as well as certain genetic factors shared by twins. 16 17 24 Our comparisons within twins suggest that the association between birth weight and academic performance might be partly explained by genetic factors, which leads us to one important caveat, that the estimates of birth weight based on the entire population might be biased upward as a result of genetic variations. 
